The file transfer scheduling problem was introduced and studied by Coffman, Garey, Johnson and LaPaugh. The problem is to schedule transfers of a large collection of files between various nodes of a network under port constraint so as to minimize overall finishing time. This paper extends their model to include communication channel constraint in addition to port constraint. We formulate the problem with both port and channel constraints as a new type of edge-coloring of multigraphs, called an fo-edge-coloring, and give an efficient approximation algorithm with absolute worst-case ratio 3/2.
Introduction
In this paper we study a scheduling problem on a computer network, that of transferring a large collection of files between various nodes of a network. In particular, we axe interested in how collections of such transfers can be scheduled so as to minimize the total time for the overall transfer process. This problem was introduced by Coffman et al [CG] . Their model represents an instance of the problem as a weighted undirected multigraph G = ( V, E), called a)fie transfer graph.
The vertices of G correspond to the nodes of the network that are computer centers. Each vertex v E V is labeled with a positive integer f(v) that represents the number of communication ports at the node corresponding to v. It is assumed that each communication module may be used as a transmitter and as a receiver. Each edge e E E is labeled with a positive integer L(e) that represents the amount of time needed for the transfer of a file corresponding to e (the file is transmitted between the nodes corresponding to the end vertices of e). The authors assume, in addition, that once the transfer of a file begins it continues without interruption. They show the general problem to be N-P-complete, but obtain polynomial time algorithms for various restrictions on the graph G. They furthermore give an approximation algorithm for the general graph G which has absolute worst-case ratio 5/2. In the case where G is an odd cycle, Cboi and Hakimi [CHI obtain a polynomial time algorithm for the file transfer problem.
This model was extended to include the possibility of forwarding in [W] . It includes the case when a computer center u wishes to send a file to v but no direct link exists, the file must be sent to one or more intermediaries who will then send it on to v. Several special cases of this problem, which were previously solvable by polynomial time algorithms, are shown to be NP-complete when forwarding is included.
In this paper we study the file transfer problem with port and channel constraints. In our model an instance of the problem consists of an undirected multigraph G = ( V, E) together with positive integers f ( v ) and g( vw) ; f ( v ) is associated with vertex v E V and g( vw ) with a pair of vertices v and w. We call this graph an fg-file transfer graph. In an fg-file transfer graph, vertices correspond to the nodes of the network, and edges correspond to files to be transferred. The integer f(v) for a vertex v is its port constraint, that is the number of communication ports available for the simultaneous file transfers at a computer v, while g(vw) for the pair of vertices v and w is its channel constraint, that is the number of communication channels between v and w. Our model does not allow forwarding. Each file is transferred directly between the centers that are its endpoint. We also assume that each amount of time needed to transfer a file is equal.
That is we treat only the case when all L(e) are equal or when we can partition each file into subfiles which are of same length. Since the problem to minimize the total time for the overall transfer process is NP-complete, it is unlikely that there is a polynomial-time algorithm to solve the problem exactly.
We formulate the problem above as a new type of edge-coloring of G, called an fg-edgecoloring. An fg-edge-coloring of G is a coloring of the edges of G such that We show that a Shannon type upper bound holds for any multigraph G:
Clearly Ayg , A/and Ag arc lower bounds on X~(G). We fuflhermorc give an O(IEI 2) time algorithm for finding an fg-coloring of G using at most (3/2)Ayg colors. Thus the algorithm has the absolute worst-case ratio of 3/2, which is better than the ratio 5/2 of Coffman et al [CG] . In a special case when f(v) = 1 for all v 6 V and g(vw) = 1 for all vw 6 E, the 
Main Theorem
For S C V, E(S) denotes the set of edges joining vertices in S. Then we have another I lower bound t(G) on X~(G):
X'~(G) > t(G) = max [E(S)I --SCV
whore S runs over all subsets of V consisting of exactly thmc vertices v, w and x such that
The following thoorem is a main result of this paper which is an upper bound better than THEOREM 1. Every multigraph G satisfies
• _ u(G)
when:
/sA1+z u(G)=max tCG),%,,t X J' max vw~E,.f(,,) k2
We will give a sketchy proof of Theorem 1 in Section 3.
d(v)+p(vw)-l]} f( v) + g( vw) 1 "
One may assume without loss of generality that f(v) <_ d(v) for all v 6 V and g(vw) <_ p(vw) for all E(vw) C E. In this case the following corollary holds true.
Corollary 1. If f(v) < d(v) for every v E V and g(vto) < p(vw) for every E(vw) C E, then 3
Proof. It suffices to prove it(G) _< ]~AI, [ . Obviously the following inequalities hold for the first two terms of ~(G):
Since one may assume Af > 2, for the third term of u(G) we have:
5Ay+2] 3 4 9
We finally consider the last term of u
(G). For any E(vw) C E d( v) p( vw) } d(v) + p(vw) < max f(v) + o(vw) -f(v)' g(vw)
In particular, the following equation
holds for any E(vw) C E with f( v) > 2: (3d(v)+p(vw) 1) d(v)+p(vw)-I f(v) + g(vw) 2 f(v) + g(vw) -1 = {(d(v) + p(vw))-(f(v) + gCvu,))}{(f(v) + g(w))-3} >0.

2(f(v) + g(vw))(f(v) + g(vw) -1)
Therefore we have
Sketchy Proof of Main Result
We will prove Theorem I by induction on the number of edges. Let e E E(vw) be an arbitrary edge of G. By the inductive hypothesis the graph G -e obtained from G by deleting e can be fg-colored with u(G) colors. Before presenting the sketchy proof, we give some notations and lemmas. We shall consider five cases, but will sketch the first two cases only.
Case 1: There is a color c E U such that c E M( v) N M( w) N M( vw).
color I Fig. 1 Anfg-coloring of a multigraph using three colors.
